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EXHIBIT 1 


C^.:\R1M)N-■BASE^) NANOSTRUCTURES 

Department oi' lilectri 
Male rials Catego ries 

cLsrbon nanotubes, carbon nanoparticles, and porous carbons, inciudiag activated carbon fibers and 
Scientific Drivers 

Carbon, nanovubcs (-1 nm in diameter) are presently the hottest carbon -nanosiructured material. Single- 
wall carbon nano tubes, consisting of a cylindricai lube one atomic layer in thickness, are predicted to be 
either se.n'Jcoru.mcting --r ineuiili;: depending on She diiimcter and eiiiruiity of the Pianotube. These 
unusual electronic properties imply novel ID physics. In addition, single electron (Coulomb blockade) 
transport, phenomena are now being studied in this unique system using nanolithographic techniques, 
r];e joii-ip.g o.i !vvo dissimilar n:uso{nbes has beer; predicted to give rise u-- semiec-nduci-:..-;r-niet.ai 
heievi.iiur.icUons vvidi properdcs d-al can be moditied by penurbing the jmK-tion reeiori, vvhicl- i-- of i 
nm size. Remarkable quantum effects are also predicted and observed for the phonons in carbon 
nanoiubes, also dependent on the diameter and chiraiity of the nanotubes. Another area of great 
exehciTicyU eonccrrs^ she elastic prt.ipcrtics. espcci;Uly the extron-seb, higl- Youn|vAs sriodulus for carbon 
nanotubes. Applications of carbon nanotubes are under development .for displays and for tips for 
scaiming tunneling microscopes and for the manipulation of nanostructores. It is expected that the 

example by using alkali metal dopants, but this is a very new research area, with only a few results now 

ill press, 

FuUerenes represent a unique category of cage molecules wrih a wide range of sizes, shapes, and 

i , ^!, ^ e 1 eUcrbu' \n ^ ^^ ^. et. m -he > s < 'jilv.^'. , \\ ^ ^ . v n^ \f 

be prepared to a purity of pans per thousand. Since every Cg^ molecule is like every other one. ignoring 
'■'C and isotope effects, C^,^ provides a unique monodisperse prototype .nanostructare assembly with 
paitiete size of 0.7 nm. Because of the unique icosahedral symmetry of C^^j, these molecnies provide 
prototype systems tor spectroscopy, optics, and other basic science investigations. Study of the structure 
and properties of the whole &niily of fullerene cage molecules, together with their cndohedral cousins 
(formed by insertion of guest species, usually rare earth or transition metals, within the cage) is being 
pursued worldwide. A few groups are also coating fullerene raolecuk'S with one or more layers of alkali 

alkali metals and other species into the crystalline C^f, lattice alters the structure and loads to large 

'\ 0-! ^ ; ^ N i sp ^ i ] P>.!US <^U ,L 1 i V, n « S , ' ^ i ! f t t 

achieved are of fundamental significance. The new phases associated with polymerization of C^q by 
incide-u ligiu. pressure, and alkali mcLal dopin.g are of both sck-nlilic tmd practical inieresi. 

Carbon nanoparticles can be all carbon (such as the so-called carbon onions), or carbon-coated panicles 


' \ r , esn\' as (, ( v^'n ^o er Science and Depanment ol Pbsysies 


co.iSi^i-.ning ot\\!.rbo-\ layer;; \vriipped afOurKl otiier niaicriaJs, usiiails- ciirbiJe;;. Sliidied of carbon ODiOi^s 

nanoparUcies have con^binecl both bayiu studies, conccrrurig t)-ieir grow-h and struciure, wjih. 
appsivjiiisfis, panieiikrdy K>r raagneiic nanvipuslicies. "1 iij ca.rhon coaling prox idcs a rneaiii fur 
i^tabibzing aud ^eparaihig s-nall partkks eonuuning acbve ingvedienis >viih special properties that may, 
t«r example, be use ml for magnetic information storage. 

Porous carbons, such, as activated carbon fibers and cas'bon aerogels, have a high density of pores, with 
pore sixes < 2 nrrj. The structure and properties of these nanopores have been investigaled both for their 
scientllk interest and for practical applications, utilising the special properties of high surtace area 

materials. 

Critical Control Panusjeti>rs 

The critical control parameters of individual carbon nanotubes are the nanotabc- diameter and chirahtv- 
while the packing density is important for nanotube arrays. Most of the presently used single-wail 
^arber r:ar;>>iu;v;; bceis s\ i\;i}c<i/.ed by j pid-ed la^er \-ap(^ri/aii;>n n-eshoJ, pi-.:ncered ho- ^h^-" 

< ira '"kt. ^ . i'^ je.' >M\be> s'^,-. hoi '^^''oreT -eiKofu; ^ - ^ e u >j , r t..e 
Held, There are several oral reports that a catalyzed carbon axe synthesis route also can be used to 
^ V ^.!s- I t s . <vi n.\^ J -n''\it.'.r , 5 h t •> *' o * a ' V i L. R 

group. There arc presently many groups worldwide working to develop more efficient synthesis 

distribution, at a high production rate, and at a cheap cost. Right now, it is possible through Smailey's 
reeem work to produce significant amoiinis of (lOJO) armchair nanotubes with a small average diameter 

^' \'\i^ae ^^e 'i,tK\ Mik j etloU i- j u <Kis ^_n.g e^-x" " \^ ' \ . op 

production tnethods to provide control in the synthesis of armchair nanotubes arrays with different 
diameters, lev alone the controlled synthesis of nanotube arrays with different chiralities. This Held is 
very new, and many groups are now trying to reproduce the sample quality- achieved by the Ride -group, 
i ,i^;e ^ v^;;t;o.;K^'K -,r M;,' v,-nnee!nt> tlsai Ducn pro^ro.s-- hi. made vxni^SK ;he aoa;,ng >c.5. [^■\\ 
imprexing sxmhesis cap;ibiii!> and pn^.]>eities co-niiol lor the single'V\all nanovubes, b> stnJ} of ihc 
i ;h 1 1. 1, ^r-, eb j , -on ncrat -e, p'Os-^S'te, ;aid LaiotiC^ v'o-npr,M ssm ib!t,os-^ -re ng .kmuoI^ 
employed to improve convergence of the experimental approaches. Considerable ellbrt is also being 
expended in the study of intercalation as a method for moditying the properties of the nanotubes. Efforts 

i ! % \i \ ■> onu li sv ^' v<'' ^ ^ > J M xs* 

continues, with diameters up to -1.5 nm dellning the nanotube range, and with diameters in the range 15 
^ J H Ui; nm defioi'm ^ia- nanolllxr range v^hcre faceting o^" the injix idua^ "tube,^'' occuns at high heat 

The important parameters describing tdilerene cage molecules include the number n of carbon atoms in 
il-e panicuiar ruUerene species C^^. and the shape of eacli oi'tiu' isomers corresponding to- C,.^, in the case 

, > iJ '\ i .a„-,vros n.e n ot gs. e^l , l>^jns \%el .-^ dx'- ^p, t - .'.v. > o 
c.-r:r. .'hxl a^ ;\jdm>;5; u> ni<.'.,-N a-iu s-'vusct o. pc vdhi, iulL-iene irsNi In general the v\lr-ie g<.anut of 
tulierene masses and isomers are formed simultaneously. While some control of the arc discharge 
conditions (or of other synthesis methods such as laser vaporization or flame methods) can be used to 

\ ^ - ! - < - ds i ' o'> >} L ^^n^ ICS N "'^xe^- uj e. o . cn w ^ 

eilkieni and sensitive separation methods. These methods are easiest to implement for the lighter 
fulierenes. Separation according to molecular weight is nrst accomplished by advanced chromatography 

" V - V ' "\ " „ , n a^s \ i s ! u VI i s 1 1 ^ , . 

success has been achiev-cd thus far. lilTorts to improve t.he eilkiency of the synthesis process and the 


puriiy of u-^ a reagent csi'c no v.- largely being carried onl in the coitiiYicrciai arena. I'o a large degree 
ii-ii^ is also true eu'^C Basi'.: research is now being direeied loward uuining a fundai?K-T?iai 
usiderBiandiEg of the growth mechanism and fundaiuentally new synthesis routes, based, for example, on 
the building block carbon clusters found in C^^. lliere are also, serious etTorts by many research groups 
worldwide to produce larger quantities of higher purity higher fuUereiies - Cj^y C^^, ("g.. etc. using 
advanced citrcniatography, along with oti-ser specialized teeliJiiques. Marty of the ^-ame gnsups art- aisi) 
active in .synd-esizing, seruirating, and purifyiog estdohedral fullerer.\es. 

Carbon-coated nanoparticlejj, produced by arc discharge methods or by laser vaporiKaiion techniques, 
' ^ Nt/v. tt >-if. JviM\u h. ,1 i;.^- r^.uH-i , < t I ^^ ^> ^ 

pardcle dianseter. and die stoieldojoetry., erystailinily, am ht>rnogcneity of dsc pi-sase of the enclosed 
. *\t . o \ te^ 0 -'^-'it n ... ope - ^.vol m <ue-, ^'j- t.ar^i > , e> . r ^liie; 

1 V . pi! V di S PK ! ^ > i ! K 

case oi' carbon-coated nas.opariicles, basic research oti process control structure, and properties is 
actively being carried out, mostly in universities, with some slart-up companies working on the 
iniprovenient of the synthesis process, on scale-up, and on controlling costs. The paratneters 
V. a> „ V ! c ' ' ^ V. s ■>! 1 V ro , ^, s >n ' .V >. ^ \ t i-' si 
Among the various activated carbons, all of which have a large concentration, of nanoporcs, it is the 
activated carbon fibers that have the smallest pore size distribution. The pore size and its distribution are 
sensitive to the temperature and pressure of the steam and CO,, used in the activation process, Cai'bon 
aerogels have a much wider range of size distributions, with nanoporcs found within the small particles 
m ' „e .\ s <\'e s a ' ^ il -iKsosv .i ^- u v>ro ou.d iv'^\e>.' s\ , o t - cn ' 
beicee-i , ir,<.uNs -^i p<ir-icies. 1 h', a\erage p.ai-i-.po?c s^/C ur:d tiK i-:anoi\ae ss/e d.ststhirLU'-i deper.d on 
the precursor materials used in the aerogel synthesis, the carbonization temperature and time, and other 
process parameters. Steady progress has been made in varying tJie process condidons to control and varv 
i;^^ drant-tes 'iu-'rn.u-ioa^ of th.. rou- Xcoxati'.sn iifcarhv^n ae"<-igel^ h„i,N 'r-.xu cenivustrased a ■tie-hod 
for .tedeu a^-.d^a^it. e; nant-pojos but ih^~ is a nes^ research area thaj has -.ot >et i-ven v>:<Jei> 
studied. 

C'om m t rclu f \m tkm C^onsiderations 

Whereas the quantum aspects of single-wall carbon nanotubes are at aa early stage of research, the more 
general desirable properties of carbon nanotubes are already being exploited commercially. Multiwall 
carbon s-anollbers are presently being used as conductive additives to plasties and in electToehemical 

apK > ^fM =. , o , Ni . - i.,. K I on^ Oi ur^^iix's v som !| ^ s,, _ t,, s . n ui^ 

a!\e;'-! ^-n,. <-i\^ v\ .ni,.;^ ; e xl s nip ^^o'ro::,cic<t^ i <n"^ on. " tan ibe i^^su jo. ^.;r,; 
tibers in the 1-10 micron range have been produced commercially for several decades. Incremental 

u> o ^ ^ ■> - . e ' it ' > rnve-^ ^ e ,o u '■m > o ov vi hi m^s. "c s . ..ce rt \ it u.J 

'V K PO' V V ! i ^ tO^<->.\v. t !. J \i i_.P!H li Osi(.\^ u 

.caduale nKud.ets. i"ho .--aac ci-nstsainf; ma> als^> ap.p]> to d;e N.o,iva5)erej.';ii7..atio.n car'xxi !uui>'lahc-; 
eNi'dbitirig the •■trnarkable and uiriquc ID properties described above. 

Synthesis of C^q and C-y^ is now a comnwrcial process, with continuing increases in purity and 
decreases in cost. As more lullerene applications become commereialixed, the demand for C^,.. and C^^. 
will increase, ai^d lurt-her improvements in the products and reductions in cost are expected. The 
vo -ar. ojCj.u; .c ^> t . . ng.K , iuii.ieres <avd. e, dobodial hdlcicn - 's h '-aps't .\l b\ pvsent .onr.,.*ioa- i.ta 
effieieni synthesis, separation and piirif.cation techniqties, atid the absence of significant products based 
on these materials. 


Carbon-coated nanoparticles have moved quite rapidly into the commercial sector. Several start-up 
■.s>:!i)\!r;c^ vicsck>;-'ir5, ^hCu^- piopnct;itx '.jrpli. ahosu-, uBvi :uv workiisj^ on issu-,-; .5L'-U|f, 

^ ^ ^ h..vO^ %K.U . < ci \ 1 app I u R<V'J v<n' .It ^{vv^ ' i\ { 

iiidiisiriai laboratories., 

r< ' ' 's^ ^ > vCr "^.5L5 * JU'i \c>^ k> ! f\M 1 Iv. r r K>. 

environmental cleanup, heavy metal and ion separations, and elecirical capacitor applications. As 
control of the pore size distribution has increased and cost has been reduced, these materials ha ve found 
.snore appHcaSions and inarkeis. Both large companies and start-up conspanies are involved wdh tliese 
products. 

h? all carbon nanosinsctured materials, cost has been a main factor in limiting commereialszation, yet it 
^ .s Ixre-ed t'^^i" s; ,^r.\-: .cdc-t volumes irscrease, ct.ists weuid decrease .nu-irkediy. thereby 
sigstillcandy increasing the utilizaiie o, th. c\iL.Ment rfopvit^c- ot nanestrjCvured carbcn. 
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{!!arbori nanotubes {-1 nm in diaa'wier) are presently tfe.« hoitest carbon aanastrwctured nistcnsl. SmgSc-waH 
ca;tos nanoftibss, conssstiag of a cylindrical tube om atomic layer in thickness, are pfxidietcd to be eiih-c;t 

w I- O V. S 1 \ f ^ f s U( V N ( t I V. t ' t. 1 ! i t. !■ V ( (. 

^ J , « x!^s':Jki r 'his m V < ~3 viM! E,>i (f>( n^MM.a i' '{^ n ^' 

uvo ,i V <■ ulvivs "iv^ ^! ^lif.tt,^ ^"1. 1 L , -1 ii o" tA It,' -.^1. 0 , V ci ^ !. wnb 
pj'iipsrties cs«! be modiikd by perturbing the jtasciiot; regioK, vt'hich is of-i nm Rcmsvkabie 
quiifiiutn affects are als« predicied and obsor-zed for she ptenons in csrbon rianctubeS: dependent m she 
1 -\ f v"- 1 ^ 'it!, tjvs \bv>i .<f .j.t ^> vu !» v-fi v^>ivC t~~( L V. pwv V- 
espcrtiaily the exisv^sTJcly high Vixmg's rrwdiiliB tbr Cfifbon tianotubes, AppbGiitiijjis oi'carbi);-; tiiinotisbys ata 
V k "^Mtt. a ^i<is a i t. ) tips !oi mt "g ) mi r,f rur^s>.(.*\s r 'tvs r v Suj.-' <■> 

" ' s ^t>^^l. tV ^ Ht, tl N it'v.tsX!1 r JXs . ^s^1 ^<< ) 

-0 tK. V. >ti^'< .\H -Mr k v-> itM<it, k ^vJdupart^ t>K > js v., .c^ ttsi 
\' . . ti ri'.^. Cjjt.K it<..;,.")vltviics V t- ^K«ef^v ^' s"-!- ' .x. 

\ S ^ N O <■ U Lt 1 t t. !l < i k% it ^ J >. 

parity oi'fjarSs per iiiosssaixi. Since every moiecisb is like evetY csther osie, igntJring '"'€ svsd '"'C imttipQ 

i s is ! < K 1 ! I Psl |i>>ts\psi si ,,as.r. s t., 1 S s i'y ' ~ i-i 

iiecaiise of she tjntqiia icosaiiedral jiyresnetry of Qn, these snoieeuies piavicfc protSftype sy^tctns tor 
specirtjscopy, optics, and od^cr basic science iisvesiigiitisjns. Study ol' the sirijcture i-nd p!-t>peslies of t};e 

t t. s . >C 1 V , k ie > ^'tl, vs)i 1 UJ (.in! u>! i i. .s < (' t ^ f t-!^- s 

N ^ < s ft^ ! f!s! ' <jUi!s f! ld js^ IS s,.n u <• is \ \ 

» fs J ^ t ! ^ V U 1 » ! > i- 1 t - SMli" t. 'K ^ t Cts l\Sl~ <t kl ) 1; Is ^ I t 

sivisi.' ie tixr K-n.,!k.fiL- sumnjrc^ .us i p^.^^c!i!C■^ 1k.: [nte.cabjiij!. ^^t^dk.i;! -itj-jb. r!x. . 'isv:- ■•x\sc, ('^fv 

i si s itl 0 is"-- '■v ) .)s E»i 3). s> ^ ■'O i^fPv itlt. iKils 5 p' 1"( J)^ ,\ S V, ( 

pfopcf'ics of the nietaMic ai;d Siipercot^ducttE^g pisases tisus achieved are t)f ■Isfsdanx'nial «g«i?^cai'ee. The 
5 M ^ is. si s ' t i t J < ! < !i S< < ^ s 5 J Nib "1 ti p ^ V 

i 1 u V s ^^it. s h S .- 


I Iw ^tni. .:! 1 !^>r,:i'i("cr>- i-i iridniijjd! t\iifvf> rsvUViKhc-* .uc ih.' I'snt (sjbr di.sineier .\ad ;i\Kt^K. whjk- 

{ n ^^ V . ■•s . ■> < \ \! l'OP>t rr^S M St O k ■>.Sv.MK }, <i f" .1 (. !iX>f 

r ! < V L i ^ . i ^ ^ ' s ^ ir ) I' ! ?aKa > V V >v * \ ' 

J I i i f J > r t 11 I h is o < ( > 

iiasujUibffs wsih tt siamcier distribution simiisi io those obiained by the Hice group. There are pi'esently tnss-sy 
c > . t ih< . V ^ . rJ- < ^ ' o 1 ■^ ro o . tit -iu t with - uxh 5\,ot. s t t rf>\ u !\ a*r ',s v t set i s 

^ Vt ^ ! \ U 'li"! ^ =i. t i! <ht . !st>r t V ) J. > 1 (U J i,^ ^ K > ( v 

^t. con; R!>'t4- a-iv, !t r-.-'^sj^lc th!.\igh Sn'jiicx % ! k-vcnt v,«!k to prosmet iiigsiificam. anxrjnia of ! ■(>;■{!) 

i 'v It s 1 ' V . kf t 5 ! \) 1 sr <- s i a s^t ! 

is pref^ijsiy being cxpcjsdcd io dcveiop pfodutrtkiB sneiiicid* to provkte convroS in tha iystimsh of aiTnchair 

\>y sK '^tv. ,'r<\t;N l^ici.' >\ir.ris.!r m ih^ c<, R'apuisitj tint mu -h ptv k.u',!, wi^ iv -iv'ik wnhif' 'hv ccnsr > 
year towatd re^pfOvsRg synthesis capsWBty and properties cotUrol for the smgJc-waH rsarartubes, by study of 
she -jrovviS) coisdis-ions, sucti as lenjp^fatiire, presstisx:, and ksEjetics. (?omp«tsr simiiiations are bains; ac-trveiy 
cjiipbyeci itt iR^pi'ove convesgcBCC of the expcrijT-eidai ;ippi'cj;jeheK. (i'tirwidansbSe effbrt is aiso beisg 
\ t i i I r IS s f! 1 ud \i . 1 ->j * i ! s ! t 

i ^ t. s _ s 3 ' \ 5i J (Ot !.s u J ! f S ! J, V V i n " 1 n -t^ i 

was? djassiciers t(! ■- IS nre deiliswig -he nasjosabe fjisge, and \^ith diavrieiers is ihc niisgs i5 < d < i{}0 rsxn 
1 • X' n\ u ^ tfL tn ' V ^')> r iv J Jo i , - . ix. i > . s' 

Tbe )fnpi-r!«nt paran-u'icr;, dciicrsixns ttiMc-rerjc cikx' rs}>>irc!.ifes incSsjdt; ihc PumbL-r u*^:al■!•>^.>^> aioivis m the 
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The Wondrous World of Carboe Nanotobes 

*a review of current carbon nanotube technologies' 
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2.4 


Laser ablation 


hi i993, Sspalley's groii|r"' ai Rice University reported the. syotbesis of carboii nanutabes by laser 
vaporisaiion. Tht laser va|>orisatioo apparalws used by SisaHey's group is shown m Figoie 2-9. A 

> ^ V V . if ^ v' vi ^ %<ip(^' -.C ^! !pi i<!J^ ^.!li.^.t' : ' '■^ (■)(. 

i»i;fu !;:fj!t>Uy lilKi k\v' cnv' cui^sparcJ ^^.llh llkWknA 'Hk- oven K fiikJ \v;th hdmn -jv ^^)xas 
ii! v'j .vC" 'h frcvM-'O I. ^.K) To i \ verj-- hot vapoitr plume fomn, ihen expasKls uad sx;i>!s 

kirger clusters, posstWy isxiuding tuJkrenes. The catalysts also begin i:o condense, but more siowly at 
fii'st, and attach to carbon clusters and prevent their closing info cage structures:"* Catalysts imy even 
> ^ t^x vt:!.Kiu:^.> nf.jr: tbc> divach ic theso. Fnun thcsv.- umuc ciiisStTs usbui^r n^olciulcv :n\> 
! ! ^ 1 1 k c it in s h v,Ot "i t. ) ^ U ( (. 5 (. t V 

cuokd sisffsciently ibat carbon no longer cm diffuse through or over the surface of the catalyst 
jMavk-s 'i; i^ ;\t .-j^lc dut the y.rivic- !vcci"i!0 {br, imdi Ct\iied \uih .i C;..( 'fv Lf\v.' ih.ss tKv 
^sc> ^ ^ ■> wi J .'-SO !" anoa x- o;<s ^i.<v* 5<o Ja. \1 s .vJ ^ d , ...^ n.M -< 



There are some striking., bwi not exact sitmlaniies, in the ct>mpansot5 o- tK spaiuJ <iiitjvM.«n o» 
v^v tv. V M i t^h(! i to I o ^i J b tv, V L^i ' ^ !h. f ' vin.iH^tv, -i < 
This siseucst^ sliat ujJcrenes- arc -sIm^ f^(«Ju».t,d h) laser abbtiin! M CaUihiC islici.* j.<ra|'itiU, ^>s u 
case xv.i5e;i oo cataivsts are jncbaded in the targes. However, suhseqikin iasv't puKas e^ cua UiRcr-' nts to 
cn^sS t .-^so. i. ^ t Ks (lV a itviN Sv\N < \m .^'^ si i J 

cvhlcnvc t.i. con.lusjv sir- wstl's ccruin-sty''^ 

[..iiser abl&iion is almost similar to arc discharge, since tfec optimum backgtound ijcv and ^ju'.>st m\ 
is the saiTic as m the arc dischijsrge process. This might be due to very smular \.\ict!»<:"s o>«ndJtioM- 
>v v>l *x V V ^s |S'w \i ar v*.! ^ ''v - ir c net !u iiisf" 

2.4.1 SWN1"- ver.siis MWNT 

The comkosatcs obtained by laser ablation are contaminated with carbon namnubes and carbon 

.'\-< uk^ hi ix .s 0!,^< jnhn. L vv' L \n\\]s^v. d >v SM ^ >. >5 - n-! 

^'^^ \ issjst.^ n \t K v.* ^^rap-'it ^M^hi o %; 'v t ^ v tsts ^ s i s^ e 

, !Js sx ti.V Is „ )S is ) ^s s».< i^un > ii ^ ^ sa> \«ff t i Ot s is 

:a ) fri^ht-r sii.>!,. lo! S\V\"! -~>nEiv.-is ard the iU{]i«ui'i.s ha^c Vuor p'OTXM-es aiid - iUis<-v,e5 ^j-e 

! s ' ^ s ^' i ^l. f h 

% 's Ls X ^\ Mst. , >h< ^ft pti V (,!;> 0 t' <-^!.'l^^ ''n > >sv , v.. iht 

aj<. iisti^.cii; ;^^^-css., Fbe NiA ii^sxttre i".t$.tl>^; tXi/Y i.4 2 I ! ^'ase ihc best vseld 
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Arc discharge method 

vjipour deposHfon 

Laser absatsor! sVaponxsUon} 

r:hht:;t'!^ .srJ \i;;vyi NKC. iiipar 



pSiSfiSTiii. 

600 "C. and slowly add a 
caj'bofi-bearuig ga;; such as 

T^^UwiU \s iC<'Ml{Xtv it 

frees up carbon atoms, wbid 

Lhati fflecisichy to gcneraic 
csu'b<it5 gas iiooi which: the NT;i 
« i^y ^.s^iod' .o-!au;.>r;s ur^d 
bit oil one ShaE pnxlijces 
< .cK-^ Ms <i s\\\K 
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Umg iubm with tSiaTneters 
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Not very iruich f!);erc:st this. 

i.-uhll^ltiC, -JS Jl iS uiO CS|Vi:-;P-t,, 
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!viWNTi. SWNTs have iew 
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N.Us5>ii-\Vx3y Ciivbim 'Nanotiibiis Synthesis by M^ans of Laser Vsposi/sHson; Effects of 
jhi> Insrsuice rempt'j'iUiux' anti ths; Laser Ifuensity Processing Pijranuners 

Br8idy\ M..A. HI Khakani\ G.A, Bottom* 
'Insfiiut Nu-ivrusl deb Rcciicrche Sc-cn-ijiquc, INRS-hnergic et Mr:.tcri;-i;.'c i6?(J l.Jo!jei-'Bouie5, 
Varennes, PQ, J3X IS2, Carsada. 


ABSl^RACl 

CarbOii si-igk-way oanotabes (SWNTs) have been soecessftjlly syntheaixed by aieans of 
KrF laser vaporixaiion of a Co-Ni-doped graphite pellet m a flowng argon am^osphere. The 
eilects of two key processing parameters, namely the furnace temperauire (in the 25-1 150 
r:ini;e' a>\d iIk l.^^cr intensity (ia tht- 0,.\-L4 x ]if W cx\\^ rangi-). od iht- skid and she st-iietoral 
cbaracittfistics of the carbon SWNTs were iavesiigated. By chamcterizmg the obtained deposits 

were able to identify a threshold teniperatwe as low as -550 *C, below which no carbon SWNTs 
c;in b^- iWAvn Tbe sro^casc of the -^'unKJcc tempetatinc from 55-!' n5o ~r xwsn foimd lead 
o ' - ^ ^ . ' e ■ - ^be \ 1 s M.\i.. ' "!0vO hi \" ^V\" l^ 

:<\rdi^'- ,d.so revealed 'hat t'te duuu.'Ur -U.i uh:p!,-in pc.fr shots ~ ' 

to -1 nso as the temperature is raised iTorn 550 to 1 \ 50 At the hsgbcst fuoiace tempt^rature 
oi 1 150 C, <dso h'Uiid dtat ,i mtnsnnsnt lu&t'j inttaisso o'\jhoot I d \ 10 W cn<" ss t^otared t-» 
jtfow 4 a!N>n SWN fs b> otcans oftlja Ivrh las^-r Hie;hfr lascs tntCTSsiOes ha\i: resi Jtcd ii> u lo,^her 
yield of SWNTs with relatively thicker bundles. Moreover, the increase of the laser sntcrtsity w^-s 
fbtmd tu promote the growth of 1.22 nm-dianieicr nanotubes to the detriment of thinner carbon 
uanotuhes { .1 .05 and I J 3 nm-diaineiers). 


INTRODl^CTiON 

Sine;.? the flr^t demonstratjon m 1995 of the us^e of a Q-sw.i?d-s Nd;Y.'\G laser as a new 
ahemative to synthesize single-wall carbon nanotubes [I], the field of laser synthesis of carbon 
<! '1-^ s ^ t 'aa "c . , I onv5 h,n-i 5 ' n s pr w > \i )o . 

Indeed, the laser vaponzation technique stands out by its capacity to produce exclusivelv single- 

the study oi the eCfcct of many processmg parameters in order to optimrxe the technique. For 
■> - > .irl!,-K.o( ae 'a.'U e •,e.rr..au ^\.!- nn -'<j.'ae< J. alp i-i '".a ^ X*. 1 ^^o 
i >^ '--^^ ^ ) ^ tov,o'Jdett I ' 'tihi.i 0 snKt It H' ^ v ^ ^ \ o to the 

i ' 'vhic'\-i o; h;-,i!.; f;<Ha:o-. SWN \ ,, 0:g.^-!,^t <nb.^! e.i.bofnt.ecns s;x\'e- a 

n. ai ^ < V ^AN's.l, isa! ^> .e > k>\-^-h. ^ . 1 'le . ^ „ t" c ^ 
of laser iatenstty for single and/or dual pulse Nd:YAG laser and established the existence of an 
Si' ' ^ i ^ Is . ^ \ \ s , pu V M vn 1 > I ^ « i > I 

* ^ V . ' . < > ' ^ ' is. ! . ! oi \ S N s ! s^, ^ . V ! , 

emitting in the visible and/or infrared {from 532 nm to 1 0,6 \m) part of the spectrum. The 
, 0^ ^ a ^ ! ^ ^ IS T s(.nOui iWw'i \ di>r\ . < i)<u^ -mm ei 
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b, i\HV:-, jho m^lCcs^jiJ s\ iKicsls S^v'N K hs oi laser 

vaporization. We will hens Ims on the study of tiie influence of two processing paramejers, 

k found that carbon SWNTs can be grown by means of KrF laser vaporization at a tsmpcraiure 
(550 ^'C 5 lower tha« m lowest Kmperaiurs (850 "C) required whao using Nd;Y AO ksers, 

EXPERIMENFAl.. 

Carbon SWNTs were produced by ablating a Co-Ni-doped graphite pellet by meaas of a 
pulsed KrF excimer laser (wavelength - 248 mn; pulse duration ~ 15 as; repetition rate - 30 Hz). 
The Lr.e^i \v<!s ur-.kJk-a {■\ rrcs-i;\c RiixtJ;e ^-j^p^ni: posvlof .r-, c\irbon 

K. \. ^^ ! ) , , SSI , - ' ^ < )% . .e^ V, e >^ . ! 05 

lU SOOT tot Bh, heated at I ISO "C for I2b in a flowing argon atmosphere and then placed in a 
flowing «rgQ.« atmosphere (300 SCCM 50.0 Tan;) at different iismace temperatures ranging irom 

•> . X ! i ' ^ ^ n ^ > 1 . ^.l 1 !< s ! i N ^ ^ 

itr \\ e-' wii.L'-j 1 K- lasvi \api>r-'-cd spei.:v;i \w,';v car-ioJ b;; -..le t1(^\vi!ii; a.;j-i; ijjs -ovvj^ls a 
aev. i ! oo'kcar, \ v^X' d a: f'ie e\:: e-tJ of -^is;---!'. .\ vJsso ; r.. -a'io .-be,- 

llic as-produced carbon deposits (no purifjcation processing was used) were systematically 
c ;a;av.-en oe ;s kirns v>t iU-^ r.ot.os-Lij.> rfara!nctx''Ls b\ :fKan^ oi as fia!?Nr'a-,-!k>c ek\u>-ij 
> -osv^ r\ ft'Nti >■ |>j r-islcv l-\L^O vih ■o^Jc^v, .i.cckKUi^-' xoh5;i c= :00k\ \ 'k- h-Ji- 
resob.rrio.n TEM (URTIIM) i.;mg5ng (Garan image liher multiscan camera) and (in) micro-Raman 
spectroscopy (Renishaw Imaging Micmscope W.ire''^', argon ion excitation with 514.5 nm). 


Figure 1 shows the Raman spectra of the -samples produced at various fontace temperatures 
;a v^.:.c : - t- ; s ^r- t s\srh f.r:- li-.i !i!k--kSit^ (>^^3 s x i;f \\ cnr iUrnan pc a.^^ ■ - 
the low frequency region (1 00-300 cm ') are due to the radial breathing niodes (REM) of the 
nanotubes, and their position (m- in cm"' i can be directly related to the oanotube diameter id in 
am) by using the relation {V/ 223.73m-) proposed by Sandow ei at. [3}„ For fismace 
temperatures < 550 "C, the absence of RBM peaks in the iow-frequency pan of the Raman 
spectra clearly indicates that no nanotubes were formed at these low temperatures, in contrast, 

^^. ! ! ! 11 i O. I k U n S ^ - \i \ K S! 1 ! ! 1 

"•V N . > ^ s.s p\ '>j I t\ ik. ! .x'al- kl silk '-^ ano >; < 

compose the RBM band are due to carbon SWNTs having diameters of 1 22. 1.13 and 1 .05 nm, 
respectively. As the lumace temperature is raised from 550 to I ISO "C, the RBM peak .assigned 
to the I ..22 am nanotubes becomes more intense to the detriment of the 1.05 and i.l3 nm- 
e k^ e ^ 'kk ,w r < hiaNi-ii n ; ^ utk'c.c.^iie J, 4 - e ec I - 

^ ■> 1 *5 ' L^. f p ' ^ ! n U 

t ^ V 1 V < i iH > In k . o s i ly I * ^ ^ 

i'lk-vt-n ed ro5 Ms prodcecd by means of dual poUc Nd.'\ .-VcJ hiscr conl-'guratio-i \ > |, 
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i^igm-i: K R-iisTian spccsra of 
the UV laser produced 
deposits at vsrio^is &mace 
tenjperatmeis rangiiig from Rl' 
S<! i 1 50 '^'C. The REM Rairuin 
peaks as'e jderstilled (dashed 
vertical iiiiess aiong with iheir 
corresponding carbon SWNT 
dianieiers in irm. The mset 
shows the variation ov the i/I^ 
raiio of the deposits as a 
foBctson of She tlsniace 


160 200 240 280 " 1000 120CH400 1600 1800 
Raman shift fcm:'') 

^^^'J^ V V V. u n P=,f at Uv Jit t ( Ik if Hhi. i ' c 1 k>M 

the D-band to the G-band {//i^} is proportional to the illative amount of amorphous carbon or 
.s.soM.,e ; / vj.oo'i ^r,-;s.- t is^-^ V.-v- . v-ohs . i u'\- < -ss ,->s.^) ia.e- 

<- i 'I ^ ^ . 1 k; [ ^ V > < til 

pToeef>su5g temperatures lead to a lower fraction of disordered carbon in the deposits. The 
resonam etihancenjent of ihe 0-baad (which is a coasequence of the hfgh yield of SWNTs 
observed at high temperatures) may also conmbu te to the observed lowering of the //4 ratio. 
Figure 2 shows the typscai TEM micrographs of the deposjts at selected furnaces 

s in :>e J^poNt^ '^.n- -..o,>iste- ■ \^!ih tbe abN.-mo t!?...- i<HM KmJ ';ie .o; o.p'.nd-ri.j 
Ramat^ spectrum). The carbon soot was rather composed of graphitic cages having a concentric 
layer morphology and an average diameter in. the 5-10 nm mnge- (inset of Fig. 2a). At a 
temperature of 550 "C, bundles of SWNTs having diameters rangiog from 10 to 15 nm were 
\d 'J -oi,; r\,;i.js. e okm; ii M i:n ige oi :!k dc;x>sK^ ^mvJkj!a\- s '^'•O ^i.' 

where a loop-ble bundle having 14 nm in diarrjei;er and -1.4 pni io length is clearly ohijervcd 
! I iik '] \; r;.o:ot;i,ipli sh^wa ;n i-.c ni^v= o^ i-n.- .To o-ntbn-i^ du -yp^e:!. nv..rn;. snnot'.U' <>r 
a N\\ \ i<'ie> in aJdifor. to rlv ru nou has, ti^e aarbon -.ano- lOktoKv th:^' e.*: arose ah-^o fl^c 
depojsit at 550-'C were found to consist of jmerconnected fblierene-iske structures [S]. When the 
tnuU!,*- K'r!p>.:a:uie k rasSi.>d t.^ 1 15<f t . the deptisit uas ft^nnd ooatani a .-^ignitla.a'ti) hii.h>." 
f .aa^ < s.Ws ^ ^ -^^^ sal^-a.aro'.d i-i ' ooj v -J c~ ir-,'; 0 . ^ \Viv \a! 
^ ^ < ' - ~ - 0* nV \ ' s ioimJ > oe ^►S' ^ Ldi .ad ' o' ,il\ \ 

5'- \ ^ ^ d) \^ ..^-s. a n ^ ./.'s <d .ano. f >es bi,- vk- K n- p-. aJa, -a v , o^.ora 
i; r aav.' , j; At ; la- ■ v\ ^ha carbon n.a-i-paf-.'Ose^ t^.t-pr^•dll<\^1 i^^b "aa Sv> N 1 v xn^o loan..; 
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Figure 2. TEM micrographs of the deposits grown at (a) 350 X, (b) 550 and (c) H5CC 
Uirnace ternperatiirss. 

to have a diameter in the 30-50 nxn range and were most often constiiiited of amorphous carbon 
susToiiriduig catalyst nanocluslers (see inset of Fig. 2cj. 

.V u-e n>,..cs5 ti'rn.!.,c t.,sr.fvrjUirc i 1 SQ i\ \hi el1ca v>f i;,t' laser snL^PsUx • tSu* ^^s-.n^th 

^ N s ^ ,1 s vt, ik i ^ 4 - 0 \\ \ .s^ u> s. !-> V < r ' \ 5''' 

W/cRV was identified as the lowest value that produces sufficient amount of SWNTs containing 
soot t;>a pem^up s.ibsv,vuC5U .-h,u\Kler 'affirs l-.gurc 3 d\p'3>h ihi- kssUKJi ^fccira the 

presence of carbon naooliibes having diameters in the (I. .05- 1,50} am' range. One can note that 
as ibe laser iiuensity is increased, the 1 ,22 nni-<liaroeter peak becomes sbaT]?er aod more intense 
to the detriment of the other components, A tendency to favor the ibrmation of oanotubes with 
larger diameters as the laser intensity is increased have been also reported whesj Nd:YAG lasers 
were lised [6,9], 



Mgnre 3. .Rainjin spectra o.r the 
S\VNTs vj-'Uhi-s! axi ivy nji-aos oi 
UV laser vaporixation at 1 1 50 X 
with various laser Intensities. The 
RBM Raman peaks are identified 
(dashed vertical lines) along with 
their corresponding carbon SWNT 
diameters it^ sim. 
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figure 4. TBM micrographs of SWNT saraples prodaced at 1 150 ''C with various KrF laser 

iniensiiieii: (a) 2.7 x 10^ WVcnil (b) 3,5 x 10-' W/cm^ and (c) 4,4 x 10* W/cni^ 

higure 4 shows TEM micrographs taken fix>m SWN'l" samples produced at different laser 
invcnsilies. At low laser iniej^siues (1.6-2J x lif W/cm"), the deposit is constit^ed of SWNT 
bundles having an average diameter of 12 nm abng with catalyst osnoekisters embedded within 
J 0 irh ;;.',.-ier ;-stcl-^ ; '0-50 r.n- ■diarnotcri, llic ni<!ir-|;!:i;jc?,s .nid I'-c ouin-.-t^.-;- of-.-ics.,' I'^-nsoics 
were found to tesxmm insensitive to the laser intensity over all the investigated range. However, 
. - ^•s 0 <no ICS p iK tO'^i Ml- V .is .-mv u !n.!...sc a^* ^ ^ ^ ^Ct 'o 

5 ^ 'A ir> is vo) ot !K M 1 u-J .s ^^ p,. ..s^^ . > hv . -.f 

'sU \ i -s : os 'Ui\'i\, c dsar.iet^i oi :ip ;o -vi \^e;o i4\-vNcd ,!t 'bo . -iy:.'--' I 
iDlCiissty isivesugated here isee Ftg. 4c), 


The synthesis of single-wall carbon nanotubes by means of KrF laser vaporization is 
demonstrated. It is shown that SWNTs can be grawn at a temperature as low as 550 At a 
■> ' s O iitd tii I ! i 5 '1 ; „i n ^ t » f ^ 

W/cnV is required to produce carbon SWNTs. The obtained results show that the increase of the 

orgarazed in thicker btmdies. Similar effects, but at a lesser degree, were also obses-ved with the 
increase of the ia^er interssiiy. Such a similarity could be explained by coasidering that an 
incTea.se of the laser intensity would lead to an enhancement of the temperatore of tiie surface 
target during laser vaporization. Indeed, for the relatively low laser intensities investigated here, 
& major part of the laser energy is expected to be absorbed at the target near-surface, acting 
thereby as a local fmnace. Finally, the extension of the -useful laser wavelengths to the UV 
domain not only offers a new alternative to produce efficiently SWNTs, but might also open new 
prospects in the fttndametttal and/or application aspects of laser synthesized nanotubes. 
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Carbon nanotubes 

Feature; Januafv 1998 

Theory suggests that carbon rsanotubes have a varjety of" 
useful properties, and experiments to test these rsdsctsons 
are just becammg possibie. 

Cnrijcin rijnolube:? are usiique nv^snostrucUires with renari aijie 
vji'^.-ct.ror;;-: snd n-i.:.-cl";anK:a! proper^es. interesi frof.i Hie re^esrci- 
con-innjnsi nrst rocused on their sxotio Ciecfronic pr opfcr"--;:;;, iincc 
nanolUibe^: can be- considered as proi-olyp^^s ic^ 3 Cfi'r- dirnoniionai 
q;.;ant !.:!■;-; vvi;<j. Other usofiil pi-ope;tie';. i^'-ave b<-jen i.i;v:;Gv-?i-ed.. 
part:cuiaiiy strength,, interest has grov^n in poU^ntiai ap; 


inotubes couid be used, ■ 


An ideai nanotube can be thougiir of as a hexagonal network of 
carbofT ato-^-s thai ^-'-^^ bseti rc4ie<-J up to iri3k<: 3 seaird-vss CyiincMT. 
3iJst i:! nanometre s;:rcss, tht cyiinci.nr can be- te^-s of friioron:> long, 
arid each end ts "capped" with half of a fuiierene trsoiecule, Sirsgie- 
vvail nanotutses can be tiiought of as the fundari-ientai cySmdricai 
structure, and these form the building blocks of both multj-wafi 
nanotui;';^^ and v.i":S o:-dGrcd arrays ct siriy!«~wi=;;i nL^noiuo',;^ caised 
rope^; M,hi;v tiiiOrehcai studies have prodklsd the propeft:e? of 
singie-wail nanotubes. 

It appe-ftr? that vhe "irst carijon fii.i-rneots o? - - 
r;d:!;ornetr'i di;T!';ns!0(is were i. ■>a--e 1 s„ „ J 1 ' . 

Ho grevv carbon riO: i;:s ai>oot 7 nrr: in d!afi':evs;r ; ;V> C- 

' j^i;i!j\<,, f-iot r o'^rre a-- i-r - ~ , 

\'i V ' 0 '^rudtd ->sU> i-.'Ui b J ^e<- 

used iiish-resc'lutton transmission electron niicroscopy to observe 
carbon ncinoiyDeS: rhat fh^^^neid rcsily starred i'o tai'.e eft ^ 

sndepsndently btscovered carbon nanotubes and nanotube bundles 
at anout me sai-ne ti-ne, but these OTin^raiiv- h.hd a rnoci-: !-:nuiiier 
!-?n9U!-U.-d;;:rne!;cr ratio. The srispe of those nanotube;: ied thr.^ 
Ru5:;if;n rosoarchers, to caii ti-iOfv; 'i>arra;erios". 

The discovery of fuiferenes by Harold Kroto of Sussex University in 
the UK and Richar-d Smaliey and co-workers at Rsce university in the 
US stiin-jiaied ressorchofs to e-<pior<i: carbon, fiiaoienli furtner. 
IndCvO, tiio rcaisj'atson thai tho ends orcasbor; nanotubes must i>e 
fuiioi-ene \;\ e ''caps" expisioeo tiie faot - hat ihe diarnott-r of a oa-bon 
nanotuOe couid oniy be as small as a fuiiereris moiecule. 


S'our aiert s 

IJoks 


observed Sirig^e-w;;!: carbon nanotubes lejs vhan t-.vc y-^ar-<; ister, a;s 
did Donni-J Bsthune and coSieaqii'i-j si UJM Airn^safc-; ;r; Cairo'-r-i:3, j:-^ 
1996 vbe Rice Group, ied Dy Sii3iiey. syntbestrod bundles o' aligned 
;:k^:;ie■vs'f.•!; cai'bon fK^iionjbe? for time. The; bunrjies 

snaking it possible to perform expennnents reievant to one- 
dln'!?nsion:(i qt;3fU!.:rn phyi;:c5. Sever;;! groups ii-jve ^;C■■^^• n-i^siiiired 
^jo-Tie o; rnes.e rerna^-kaDie propertu?';., vviii.-ih seen-; to cojvirn; n;«!;v 

Foctjs on structure 

A t>vv key studies h«ve exp'O^eo the structurf.: of ■larbov- ;-i.E-nov;.ibes 
vJS!!;y hig;-!-;->"-;oiutiGr; microscopy techniques, Tbe?e- exDer:mer;i:r> 
have ;.-,Qr;f:rrned vhiU. nanotubes ate cvUn^iricii struct- irf^s bsssd on 
J-.he i-ie.xscsGi'-.ii! iarhr.e of carbon ato:i!S T:nf;i forn;S cry^iirsiiina 
yraphite. Ti^ree i-ypes of nanorobes ;irc- po&Sibie, caiied afn^chair. 
zigzag ana chiraS nanotubes, depending on how the two-dirnenssonai 
grsphene sheet is '-roiied up". 

Tiie oiffer^;ot types a^e fv-OL^t easily e-.<p;ained in terms of tr>e nrsit ceil 
of a carbon nanotube - m other words, the smaiiesi Group of atoms 


hexagomsj iattice, and <7 and m are integers. Another IrTiportant 
parameter is the chirai angie, which is the angie between arsd a,, 

When 5be graphent- s! ooi. iS rciied up to forrr! 

< t ( v.vi! caS of r> 03 ) ■'tube ts e k s 
ot ; J r ' sOv. f ''ieet oaci 0* a 

- ^ ~ •i3no'-i ■!:■■■' ^ .;irO!.-;jr .-'vss •:>eU!o:" ooo c^ffere--: 
V ^ L „ o' ' ^ ( ' cad to difforent o30Gt!.il;-o 


). Armchasr naootubes are formed when .o m and the chira; angie 
!S 30'- ;seo :c?r fkjurc;"). Zigzag oanotLjOes .nr-;- formed vvoen either.;-; 

chirai angles intermediate between 0* and 30°, are know-^ as chirai 
nanotobes, 

Tho properjes of oanotobes are d8ter:i!;oed by their diamcte;' and 
chirai angie, both of v/hsch depend on n and m. Tns diameter, a\, is 
simply the^iengtl-! of the chirai vector drvided by Vt, and we find that 


chirsS angk; is givers by tan~-^(V3n/{:2m + ?■?)), 
Merisur-sments of the nanotiiDe di3fnei:ef snd the &\rii\ singi^i hiive 
b-ut!! fviade With scanr-ing tunnel iing -mizroscopy an4 \Tan-!:-r:M\\^ron 
$\$&Qn iTiicroscDpy, Hovvsver, it: rornauit; a major chi^iSenge to 
Ciecerrr-^ins c?'. and u SL vhs same iilme as ineasLKifsg a phys.ir.a; 
p'operiy such as r<iS!Sv;vity, This is partly becs;,ise tri-i niinotisbe'j are 
;:■:> ^i-n.;;!:, 3;-.d p;:rtjv because the carbori atom? are ccnstanv. 
thermai motson. Also, the nanotu&es can be damaged by the 
aiactron bearrj in the mscrosGope. 

Since escli unft ceSi of a rsanotube contains a number of hexagons, 
each of which contains two carbon atoms, the unst ceti of a nanotube 
containi; n-iany carbc-r. aton-;s If the ur\it osii of a naiiotuDe is N tlrnez 
larger than that oi" a hexagon,, !:he un-t cult of th;; niir-otvbQ in 
r-?ciprocai space l/'v tiirjfjs smaller Chan thai of a single hexagoo. 
How to make ntsnotiibes 

When the Rtce University group found a rsiativeSy efficient way to 
jjrodvjco. Dundies of ordered Singie-waU fia'sofuijes in 1996, it osened 
gew opportunities for quantitative experimental studies on caroon 
f>ar;-:i.;jixM:. These ordered ri^-noiubes ar^t; prepared by iIk- laser 
vaporization of a carbon target irt s furnace at 1200 °C. A coi3ait- 
n;i:koi ■lataiyst heips ibe -rirowth of the nanoujces.. presur^iably 
b<ir.au;>e it prevonvs the ends from besng ''cappsd" during svnihes.is, 
and about 70-90% of the carbon larget can be convsrt:ed to srngis- 
wail nanot-jbes. By using two laser puises SO ns apart., growth 
conditions can be maintatned over a iarger voiufTifs and for a ionger 
time. This scheni'v provides more uniform vaporir.ation and b-jtier 
controi of the growti"! conditions. Flowing argon gas sweeps the 
nanoti.:i;-fts from tiii- furnace to s waver-cooied copper coliecior uj^;;: 

Cathenne Jaurnet, Patriei< Bernier and coiieagues at the ijniversity of 
MoiUpeiiier in France later developed a carbon-arc method to grow 
iii Oil^ir arrays- of 5!: igie-vv3ii nanotubes. Ir; li^fs case, ordered 
nanotubes were aiso produced from an ionised cariscfi-s piasms, and 
30!.iie heating i^rom {he di-Ktiarge generated the piasnia Several 
other groups are now making bundles of ssngien«s!i carbon 
nanotubes osii-tg variants of these two methods. However, the Ri^ce 
group has iiad the largest impact on the fseSd, largely because it was 
the first to develop an efficient synthesis method and has formed 
many intarnationai coliaborations to measure the pi"Qperti8.s of 
s I n g i e - w a I i n a n o t u b es . 

n-- a scanning eiectron microscope, the nanolub-o matofiaS produced 
Oy either of these niethods iooixS like a mat of -rarbon ropes. T ne 

When examined in s transfDission electron microscope, each rope ts 
found to consist of a bundle of single-wail carbon nanotubes aligned 
along a single direction, ,X-ray dslfraction., which views jTsany rope.? at 
onc>2, aiso shows that the diameters of the single-wail nanotubes 
have a narrow distribution with a strong peak. 
For the synthesis conditions used by the Rtce and Montosllier 
groups, the dsameter di.stni-jut!on peaked at 1.38 i 0,02 nm, very 
close to the diameter of an ideal (10, 10) nanotube, X-rsy diffraction 
measurements i^y .]ohn F-iScher and co-v^'orkers at the Unrversity of 
Pennsvivania showed tfiat bundles of singie-wail nanotubes form a 
two- dirnensiona: triangular latbco. The iaUic;? ccfistafU is J. .7 nm and 
tbe toPe.s are separ ated by O.Slo nni at closest approach, wiisch 
agrees with prior theoretical modeHing by Jean-Christophe Charlier 


not r;v;£ci calaiyst for growth, singie- 3 r 

wall nanotubes can. only be grown wrtn j 

a catalyst However, the detailed | 

rriechanssms responsibie for growth \~ ,.fv ' 

are not yet >veli understood. | 

Hxperin-iersts shovv tn-ai; the w-.atn and , i-y ' . ■ 
peak of the. diBfrister distribution 

dep<;rids on the composfr;on of the i "".^ 
cstsn/st,- JiVv. groYvth ternper.;:tLire and |' oU 

various oiner growth conditions. Great i 

efforts are now bs-.cg iTiacie to i^'rockic:-:;: i,"'"" ""- - 

narrower dsameter distributions with "-^ ^^r'^-x 

different ntean diameters, and to gain i ' x 

better^controS of the grovvtft process. ^ " 

emphasis wili be on methods that i %. 

low cost, and some sort "of continuoos 
process vviil probaOiy be needed to . wvevscfer 

grew carbon nanotubes on a ,,.,,jx.,>,.,.\rv,.!.-,,^ r--,. jt.ijtj 

corofriercsai scale. 
Electrons m nanotubes 

T;-:e unicjijo eiecironic properdes of carbon nanotobes ap:; due i:o th;? 
quantiin-i cooftnerj-sent of electrons nornial to the narjotube 3xis, In 
ttis radial dir«;Ci.icn, elecrrons are confined by the monoioyer 
thsckness of the graphene sheet. Around the circumference of the 
nanotube, periodic hounOary conditions come into piay. For axampie, 
if a ;og?.SQ or armcriair nanoteoe has iO he> aeons f-roL;nd its 
circumference, the 11th hexagonal vvsi! coincide with the nrst. Going 
around tee cyiindes" once introduces a phase differerice of 2;!. 
Because of this quantum confinement, eietlrons can only propagate 
along the nanotube axh;, and so their vvas/evectors pG;n!: in uhis 
direction. The resulting number of one-dimensional conduction and 
valence oands effectivoly depends on ths standing waves that ;;re 
set uj".' aroi-.nd the circ;u:";ference of the nanotube. These Simple ideas 
can be used to caiculate the dispersion relations of ths cne- 
dimensional isands, which link wavevector to energy, from t.he weii 
;<novvf-. dispersion relation in a grapnene ?noet. 

i'JorlakI Hamadu and colieagues, then at the HEC Lai^oratorY in 
Tsukuba, and one of us (RS) have caicuiated dispersion relations for 
smaii-diameter nanotubes {see above right figure). These show th«t 
about one-third of smaihdiameter nanotubes are rnetaiiic, wfisle the 
rest ai-e sercicondoctlng, depending on thSir dian-iOte!- ond ohiral 


3w, wliere c; is an ;nLeger, AH armchair nanotubes are metali^c, a? 
are one-tn;rd -of all possilnle zigzan nanotubes. 

The density of eiectrosdc states as a function 
of energy has been caicuiated for 3 variety of 
nanotubes. As an example, consider the 
density of states for metallic (S, 8), (9, 9),, 


3, 10) and ill, 11} armchair nanotubes 
ure). VVhiSe conventiona! metals have a 
BiiTiOoin denvilv of" jit^jtes, these nanotubss are 
t:haf ncter!7.r;'d by a ni.imtjsr of singuiaritfes,. 
>'v'f-'.er'=; ^'ich peak corresponds to a ssngle 
quanlur--; si^bbanc. These ssnguSarities are 
important when interpreting experimental 
result^, sLich as measijre-roents obtasned from 
scanning turinelitng spectroscopy and resonars, 
RaiTUj!": spectra, th';i two teci^iniqu;??; ^i-jat have 
<.4;>v ' conlriDuteci (he niosi to o^j' underscanding oi 
the one-dimension .1;! p-opertses of n.;ir-otL:l:>e<;. 

Aithough the choice of n and m determines v>i1iether tiie ngnotube is 
metaiiic or semicorsducting, the c!ierr>icaS bondrng between the 
carbon atoms is exactiy the same in ijoth cases, Thss surprising 
resuit is due to the very specrai eiectronic structure of a two- 
dimensiorja! graphene sheet, which is a sefntconductor with a zero 
hand gap. In this case, the top of the vaience band has the same 
enerqy as the botto!?i of the conduction band, and thss energy equai; 
the Fermi energy for one spe":ai v'vayevector, the so-caiied K- poinr O; 
the two-dimensionai Briiiousn zone {i.e. the cofoer point of the 
hexagon.^! nnit caii in recipro^si space";. Theory- shows thar a 
nanotube becomes msetaiiic when one of the few ailowed 
i.','avevectors i-'! the circomterentiai direction passes thro!.-yh rhis K- 


As the r-anotube diarnet^-r increases,. nK^re wavovcctors are siiowed 
:n ti"!-; circurnferenti.H! direction. Sin.;:e the b?jnd g.;ip 
semiconducting nanotubes is inversely proportional to the tiibe 
di3iT^ete;\ tise d^^^iid gap appro. -.i;: has xer-a at iaige d^amei-.srs, j-^st a? 
for ;i graph.«ne sheet Ai a iianotube diameie^ of about 3 no';, the 
P-HTid gap ijeco-nes comparaDie to tiierrnal energies ar room 
len-iperature, 

Caicuiatsons by one of us (RS) ard Chariier show that concentric 
pairs of metal-semiconductor and semiconductor-rnetai nanotubes 
r^tro svabiO. Nanomet'e-scale devices cooid S;i-;erafore be [■..■as'iid or; tw 
concei-ftric nanotubes or the Junction between nanotubes. i^or 
exarr^piO; a meraiiic ^nner rube surrounded by a larger 
semiconducting (or insulatmg) nanotube would forn". a shielded csbh 
Sit the nanomelre scaie. One rnightthon env sage i'iOr'iO'icaie 
electronic devices made compieteiy fron-i carbon that wousd -conibinr- 
toe p;-operties of fr;eva;s arid sernicoriduclors, without tiie need for 
doping (see Physics Worid 1996 May pl8). 
Measurements versus theory 

Experiments to test these remarkable theoreticai predictions have 
ijeen -;->Uerneiv difficuiJ to carry oijt, iargeiy because the eiectroniC 
properties are e>.pectec to depend strongly on tiie di3rr!eS.er and 
chirsisty of the nanotube, ,Apart from the probiemss associated with 
makirK] aiectronti: or optica! measureir^eiits on .<;tructijres kist a 
n?.:nometre across, :t ss also :rnpod;anv to gair; inforn-jation on the 
synnroetry the nanoJuPe li.e. its n and m values). Despite these 
difficulties, pioneering experimentaS work {^as conhrsr^ed the main 
theoretical predictions about the electronic structure ot nanotubes, 
Eariy experiments focused on muiti-waii nanotubes, ssnce hsgh- 
quslity Singie- wail nanQtobes were not avaiiabie in great enougi-5 
quantities. To begin with, however, measorements on indivfduai 
rnuib-wai! ■'sanotubss did not iTieasure any one-dfi^iensiooas guantun 
effects, iargeiy oecause the dfamieters ot the nanotubes \vere too 


m-Jil!-wali nanotubes did detect a variety of novel eiectricai 
ijrcperties.. including tvvo-dirnens:onsi quariajfT! -irUerference ;;rf';;cti 
(hie io vveai-: iocaiizaUo-n and universal -c.onGs.ia>3nce fiMrtusv.ionr, But 
the- res-uii's from muiti-waSI nanotubes are Jion-ipilcatud by 
simutoneous contributlGns from concentnc nanotubes with different 
dia.'Tietsi's and chiralitis-::. In 3dd;tiorf, defeats in the naneiubes c«n 
iesd to eiectrcn scatu^ring, sfid eiectrica: contact C'jrinov be niede 
reiisDK' 10 all of the constituent nafKitubos The condik;tion 
properties of the ei'.:"::tric;3i contacts car-; also influence electron 
jranspcrt, "lirther experiments; st^idiei; of t:he;ie intriguing transport 
phenofnena should be made on smaller diameter mtslti-wall 
r-anovsjbes and at iovv temperatjrss, where one-d;n";eruj:ona; 
ooanr-un-^ effects a^n be Disserved. 

A key breakthrougf-! carne ;n 159<i, when Charles 01k and ;i->r>epl-s 
Hereniaris of the Gent^ral Motors Research haboratory ;f! Michigan 
nieasured the pnDperties of tndlvidijai muSti-wail nanotubes using a 
scannsng tiinneiflng microscope (SIM), These results provided the 
first conflrmattor! that some nanotubes are metallic,, while others are 
serTiiConductinQ. Oik i-nd Hsremans also sdowed thai' the Dand gap 
for semiconductinc nanotubes is proportional to l/d ^, in agreement 
with iheoretsca! predictions. However, these techniques are most 
sensitive to the outer shell of a multi- wall nsnotube, since SIM 
probes have a rsPjtjvelv short spatial range. Very recei-iV SIM 
expedments at the Delft University of Technology in the Netherlands 
fsave cieariy shown the predicted one-dimensionai density of states 
and the difference sn behaviour between metalilc and semiconducting 

Earlier this year, electron transport in an indrviduaS single-wall 
carbon nanotobe jest a nanoiiietre across was iTieasured for the tsrst 
tiine !:;v Cee;; Dekkcr a.nd coiiesgues at i>elft, in coiiabcfation wsiii 
the Rice group. Another grousa, Sed by Paul McEuen at the University 
of Californsa at Berkeley, also working with tf^e Rice group, has also 
nsade j-eLiited measuremefUs on single rope of singie-wall carbon 
nanotubes (see Physics World 1997 June pZl). 
Both of these studies were can-led cot at tefriparatures below i k 
and fociiiied on the "qijantum dot" aspect of 5ingie-w.;5:i carbon 
rtanotubes. Aithough nanotubes are very miich longer than they are 
wide (typically by a factor of 10'*), the finite length of the tubes stiff 
iirnits the number of allowed wavevectors along the nanouibe axis, 
T'hi.^ gives rise to discrete energy states, which can be determined oy 
measuring the condocvance as a fi.in;:tion of voftage. i--or a nanoiube 
5 ijrn long,- tf-e Delft g-oup found tf^av discrete states near the F.ermi 
ievel are separated by about 0,6 nieV. With t,he greater svailabrity 
of .sinqie-w.nii n;:!-:Otube.s, we can expect thac voltage-current 
characterisacs wUl soon be obtained for carbos'; nanotsj&es with 
known n and vaiues. Such information could then be used to test 
the one dlniensional dispersion reiations juredict^sd by theorv. 
Since nanottJbes are typically a fevv niicrens long, electrical corifacts 
can be -in.sde by fVioderr. iirriogrsphic techniqaes. Sirsgle-wali carbon 
nanotubes tnus provide a unique systesr- for stijdying single- 
molecule transistor effecis, In w^htch an elect'ode close to the 
conducting nanotube is used to modulate U^ie conductance. 
Ji-ie energy needed to add an electron to a singie-vvaii tianovuoe has 
aiso oeeri measuj-ed. Some 2.6 meV is neeoed to overcome the 


aboui 1 nm in dismetef. Researchers are now begin rsing to study 
these "Couic-mb-blockade" phenomena systematically in carbon ' 


5t!nuii.;;te expenn-critsl studies of ihe •unaion bt-tween rs-stsiisc and 
semiconducting nanotubes, which should In turn encourage further 
d^scussicns iiboiii possibSa eSectrcfuc applications. Expefirriental 
stijdi<;;S on s:ngle-\va:! nsnotubss ^'JOL-id aiso the receFVL 
predictions of one of us (RS), and of Hiroshi Ajiks and Tsuneya Ando 
, ^ 0 "^-^o ^: ;cut yvhat sncold hsppe;; io thiii 

dsii rsion resation^ in s •T)a<;r;-;ii:K: neSd, 

^iisnotubes m the ijght 

SoTse of Uifi mn?:. interesting onc-dirnensionai qL-anh-i;-!-; isif-icta. of 
carbon naixnobos hav?; been observed in Ram;;'; spcctrri, whici-! 
probe the isitice. vsbratioris, or "pi-ionons", in a ;i-;3ter!..-:i viirough the 
iiieiastic scattering of light. One-dimenssonai dispersion reiations for 
t.i-^e pi^onon? in nanofube-s fisv-h been c3icui3Lod, firc-t by P.ad- Jishi of 
th'i Caiiforf):a St-dite Ui-isversifv at Los Angsies using fi-;e irone-foidino 
irievi-sod,- 3nd laf.er by crnsr i^^chtoi- and co-workers at the Univ-irsily 
of Kontocky o&in;:,! sr- at infi:io rnodeiiing technique, Vhese 
c<3icois!i"Jor:S show tiu*t tr-ere are ma.ny different Vibrat^Oiies n^iodes, 
vvi'iici-: result tiOfo ihe iarge number of carbon atom';; in the un;t ceii 
of me !;3not:.ibe. In genersi., niore pi-ionofi n-iodes appear as tin? 

Oi these vioracioi-ia! fTiOdes, oniy a few cti-\ be i-;XC!t.ed by i^aman 
scaiterinq The i-iumber of those Ra:T!.nri-.-::-.;t;ve niodos is sndepondent 
of the nanotube disrneter, which m3i<es st posssbie to investigate 
how tPe frequency and oscillator strength of each n-sode depends on 
' v.* Ja i. H 

as ^- J tei t n ^p" ! ? ^' i ^' ' 
carbon nanotubes grown by the Rice group, which contain a iarge 
coi>centrat!on of (9, 9) and (10, 10) armchair nanotubes. Tnese 
experisTtents exploited the resonant RasT^an ennancemsnt effect, ii^s 
which the frequency of the laser isghj matches the energy of an 
aliovved optscal transition between peaks in t;-;e doisSify of stetes (see 



J. Such 8 resonance greatly increases ti^ie intensity of the ob-served 
Raman effect. 

Tne Kentucky group and Bruce Chase 

VViirnington, iJelaware, measured 
Parrsan spectra at several difierenr laser 
e.scitahon energies (ngui-e 3). Since the 
energies^ of tne electron states depend 
on tfie nanotube diameter, a change m 
laser f reqijency brings a cai-bon 
nanotube with a different diameter into 
resonance. Prornsnent in the spectra are 


1580 cm"'-', whsch show only a weak 
dependence on nanovube diameter. 
Thei-J also a strcng fnode at atoiit 
1.S6 cr5i"-- tuat IS highly sensitive to the 
n^riovubs ds;.imcter. This f-sature 
con-»f:ponrJs i.o a facie i-bre-bthi no 
mode, m xs'hich of the atonis in the 
nanotube are dispiaced outwards (or 
inwards) by an equal amount, so that 
fne SYinn'-etry of the network of car&i:;!-! 
avo;r;s rerfVJin'j the satTie riiroughout 
the vsbrstlon, r-rorn ths rneasb-rec ri:sg--isfr;i-y 
fri2qui2!"iCY of the radsa^ bresthing mode, lioni s--:si:ii>-:rf; rrorr; r^srsotubfei; 
vva car deierrnine the dsamefcer of the 
rir^noujt^e that is ;a resonai-scc- w;i;h the laser freouerKy. 
Detecting these qLiaritum effects in the Raman speara iends? strong 
CTeden:.;e to the ;Oea toat singie-wsiii carbon r^a notubei; iiave a one- 
dimensionas electronic anci phcnon structure. These experin'sents, 
together Vvith very recent 5TM otisefv-stion;; by je-oen Vv'i;doer and 
co-workers at Osift have provided the ciearest confirmation to di«e 
that the eieclrori:c density of slates have singulaniies lypicai c? a 
one-di m ensiona \ system .. 
Streiigth in appiic3t;ons 

Ariotiier existing area of research is ?oc:osed o;-; ti-io n-ioci-iariicai 
properties of carbon nanotubes. By anaiogy ro graphite and carpon 
fibres, nanotubes are expected to be very strong and have hsgh 
eiastic modoii. In 1995 a group led by Thornss i^hbeson at the hcC 

' ' ij < V' PL 'on, \ 'e-'- eVv' t „ ^Ov - 

moduius of a carbon nanotube by measurmg the vibrations of the 
free end of a nanofofae that was cian-sped at tiie other end. yi-Kiir 
estimates were consistent with the exceptiorsaily high ysiues of 
Young's moQuius airesdy measured for e graphene sheet, atxxit 1 

Single -wali carbon nanotubes are siso 
expected to ise very strong and to resist 
fracture under extension, just as the carbon 
fibres comirioniy used ;r; aertsSpace 
appiications. According to caiculatsons by }er?.y 
Ber;-(iioic and coiieagues at s'^orth Carolina 
StSive tinrversity sn P.aieign,. a nanotube couid 
o' pg.i"f 0 ' V ^' 1 c 
would fracture, Uniske carbon fibres, however, singie-vvaii nanotubes 
are ;-en-ari<3b;y fiexibie. They ^'an be twisted, flattened ano be;-!;; ;nto 
small circles or around sharp bends without breaksng, and severe 
distortions to the cross-section of nanotubes do not cause them to 
bresi< (above left 



). Moreover, molecular dynamics sirouiafcions by Bernhoic and 
colieagues IrKlicate that in many cases the nanotube should regain 
its original shape when rbe sb'osses disti:;rting st are terrsoved 
Another advantage of nanotubes ss their behaviour under 
compression. Unlike carbon fibres, whict^ fracture easiiy under 




vt.riiclus'c!"! on the nflnoscaie. 

As Vie h;5vs seen, s-ructtjre':; Di5sed on carbon nanoJuDes offer 
excitJ-ig pcs^ibliities for nanon^et'e-scale eiect^omc applications, in 
*:!■!•? ;:.3f>":-;: \\:?.y t'r,3X carbon fi-jres are -jsed irs coiTiposstie^ to 
sfrengthen 5 structure or to enr!?jnce t'he sie^tricai conductsvitv of 

liosf poiyr-.v" (o' rnetch lo tai^o- zi^esr ohvaicai properties t\: i;!.".;-c:f!:, 
:sppik-:3i;oos. S;oce carbon nsnot^jbes sro so zmaW, they couid be 
used tn poiymer composites that could be formed into speafic 
vhrjpcs. 0!- in a iGv-.'-v!scos")tv composite that rouid 06 spi-Sv'ed onto s 
suffcite a •■:ofidurtiEig pawA or costing. F'.atdao^«jslal rcodios c? the 
rheoiogicai properties of nanotube-poiyjuer composites vviil be 
irttersstirtg frorrs both a acientsffc and a practical posnt of view. 

ifii;er;;i.e r-;-;;'Ei3rch irsto carpc!'- naootLibes is sore to cont;!ioe fof isr 
least the next fevv years, Quarjtum effects and other unique features 
Ki !:;■;!?!" e:ectrcn;c strriCture vnW be sxpiored forthei',. osfticOiS-'iy as 
well characterized singte-vvail nanotubes became more wsdely 
avaiiapie. Experiments with stngfe-wati nanotubes v*M! also probe 
these lattice vibrations, as measured by Ranrjan spectroscopy, and 
thesr meciisnica! propertsas. As we teari> more about nanotubes, 
producing noveS electronic devices and composite materiaSs coold 
Just be the start of a variety of future applscations. 
Th;5 work ^vas parti.niiy soppc-rted by the iJS ^J^:tior■a; S'oence 
Foundation (MD, GD, PE), by the ne%\i Energy and Industriai 
Deveioprr;er,t 0rg.sniz3t:on (NEIDC)} (MD, GO, PS) ar-Q by ti-iO 
..U3oa;-;ese Miriisto;/ o: ilducation (RS). 
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